Abstract Now more than ever animal studies have the potential to test hypotheses regarding how cognition evolves. Comparative psychologists have developed new techniques to probe the cognitive mechanisms underlying animal behavior, and they have become increasingly skillful at adapting methodologies to test multiple species. Meanwhile, evolutionary biologists have generated quantitative approaches to investigate the phylogenetic distribution and function of phenotypic traits, including cognition. In particular, phylogenetic methods can quantitatively (1) test whether specific cognitive abilities are correlated with life history (e.g., lifespan), morphology (e.g., brain size), or socio-ecological variables (e.g., social system), (2) measure how strongly phylogenetic relatedness predicts the (3) estimate the ancestral state of a given cognitive trait using measures of cognitive performance from extant species. Phylogenetic methods can also be used to guide the selection of species comparisons that offer the strongest tests of a priori predictions of cognitive evolutionary hypotheses (i.e., phylogenetic targeting). Here, we explain how an integration of comparative psychology and evolutionary biology will answer a host of questions regarding the phylogenetic distribution and history of cognitive traits, as well as the evolutionary processes that drove their evolution.
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Keywords Phylogenetic comparative methods Á Evolution Á Adaptation Á Phylogeny Á Function Á Cognitive evolution Á Selective pressure Why do some species make tools or learn what to eat from conspecifics whereas others do not? Why are some species more risk-averse than others when faced with a gamble? Do different diets, social systems, or constraints on growth systematically shape the evolution of different cognitive skills across species? Or is variance in cognitive skills explained more simply by phylogeny? One of the main goals of comparative psychologists is to document variation in problem-solving abilities across species to reveal the processes by which cognition evolves (Thorndike 1911; Hodos and Campbell 1969; Rumbaugh and Pate 1984; Torigoe 1985; Sherry et al. 1992; Kamil 1998; Papini 2002; Shettleworth 2010) . One rationale for this research is that if we understand how cognition evolves in nonhumans, this knowledge may in turn inform our understanding of how our own species' cognitive abilities have evolved (Yerkes 1943; Byrne and Whiten 1988; Dunbar 1992; Povinelli 1993; Hauser 1996; Tomasello and Call 1997; Parker and McKinney 1999; Matsuzawa 2001; Barrett et al. 2002; Haun et al. 2010) .
Outside of comparative psychology, evolutionary biologists have developed a suite of quantitative tools to test hypotheses regarding evolutionary processes. These new phylogenetic comparative methods have revolutionized research in evolutionary biology and challenged historical views about topics ranging from the common ancestor of life on earth to evolutionary transitions such as the Cambrian explosion (Harvey and Pagel 1991; Harvey et al. 1996; Martins 1996; Pagel 1999; Nunn 2011) .
In this article, we explain how a synthesis between comparative psychology and evolutionary biology allows for unprecedented opportunities to investigate cognitive evolution. We then illustrate this potential by applying several phylogenetic comparative methods to an example dataset. We conclude with suggestions to promote future progress, in particular by promoting large-scale collaborations to construct larger comparative datasets that are needed to test a priori hypotheses about cognitive evolution.
Background
Since its inception, comparative psychologists have been interested in the possibility of species differences in cognition. Many of the large-scale comparative studies to date were conducted early in the field's history (Thorndike 1911; Harlow et al. 1950; Harlow 1953; Bitterman 1960 Bitterman , 1965 Rumbaugh and Pate 1984) . Despite their broad taxonomic focus, many of these early efforts focused on universal laws of learning and often interpreted species differences within the framework of scala naturae. As the notion of universal learning processes gained prominence within psychology (e.g., Skinner 1938; Harlow 1953; Watson 1967) , many researchers abandoned a phylogenetic perspective in favor of a model species approach, from which they aimed to develop ''general process'' cognitive models.
As early as the 1950s, several pointed critiques argued that comparative psychologists had lost sight of their original agenda and documented the diminishing diversity of animal species under study (Beach 1950; Hodos and Campbell 1969; Lockard 1971; Czeschlik 1998; Papini 2002) . As the cognitive revolution took hold in the study of human psychology, many of the same cognitive concepts and approaches began to be applied to the study of animal psychology across a wider range of species (Griffin 1978; Cheney and Seyfarth 1990; Bekoff et al. 2002) . Over the last two decades the diversity of species under study has grown further and has generated renewed interest in testing hypotheses regarding how cognitive differences across species might have evolved (Shettleworth 2009 (Shettleworth , 2010 Fitch et al. 2010) . As a result, the field of comparative psychology is currently positioned to address questions of cognitive evolution from new perspectives within a phylogenetic comparative framework.
Tinbergen's challenge
What do psychologists have to gain by taking a phylogenetic comparative approach? This question is best answered by first acknowledging the existence of four fundamentally different questions that comparative researchers are positioned to address-each of them uniquely informative, yet all of them complementary (Tinbergen 1963) . The first two questions concern the ontogeny and causal mechanisms of cognition and have been the focus of comparative psychology since its inception (Darwin 1859 (Darwin , 1872 Morgan 1894; Thorndike 1911; Skinner 1938; Watson 1967) . The third question involves the phylogeny (history and distribution) of cognitive abilities across the animal kingdom, while the fourth concerns the function(s) of cognitive skills (how does cognition impact survival and reproduction?). Pursuing all four lines of inquiry is the most powerful approach to understanding the evolution of any phenotypic trait (Tinbergen 1963; Shettleworth 2010) . However, the last two questions of phylogeny and function, which address how, when, and why a cognitive trait evolved, are intractable without a phylogenetic comparative perspective and have historically been the most challenging for comparative psychologists to pursue.
Consider the case of social learning psychologists have devoted much effort toward delineating different causal mechanisms underlying social learning in different animal species (Tomasello and Call 1997; Fragaszy and Perry 2003; Galef and Laland 2005; Horner and Whiten 2005; Whiten and van Schaik 2007; Hoppitt and Laland 2008; Shettleworth 2010; Rendell et al. 2011) . Psychologists have also examined the ontogeny of these mechanisms in several taxa (e.g., Langer 2006; Matsuzawa et al. 2006; Huffman et al. 2010) , and quantitative methods are available to help discriminate between social and asocial learning (Reader and Laland 2002; Franz and Nunn 2009; Kendal et al. 2009; Matthews 2009; Reader et al. 2011) ; however, we are only just beginning to describe the phylogenetic distribution of the different types of social learning processes. We also remain limited in our ability to quantitatively test the evolutionary function of the social learning skills observed in different species. Without recourse to questions of phylogenetic history and function, we cannot understand how or when species evolved to differ cognitively. Moreover, we cannot test why certain lineagesincluding humans-have evolved the cognitive abilities they possess.
Phylogenetic comparative questions
Comparative psychologists have worked toward answering several different questions regarding the phylogeny and function of cognition. While progress has been made toward testing evolutionary hypotheses, phylogenetic methods are needed to overcome the constraints of current approaches. Below, we mention only a few important questions that have guided comparative psychological research; however, the theoretical and methodological issues discussed apply to any cognitive hypothesis one wishes to examine.
A first important question is whether differences in particular cognitive abilities correlate with changes in independent variables, such as life history, ecological, or social factors. For example, the social intelligence hypothesis has provided a guiding framework for comparative studies for decades (Jolly 1966; Humphrey 1976; Byrne and Whiten 1988; Cheney and Seyfarth 1990; Harcourt and de Waal 1992; Kummer et al. 1997; Dunbar 1998a; de Waal and Tyack 2003; Whiten 2003; Barrett and Henzi 2005; Dunbar and Shultz 2007; Holekamp 2007) . According to this hypothesis, increases in social complexity drove the evolution of cognitive flexibility in primates. This hypothesis leads to the prediction that changes in social complexity on different evolutionary lineages should be coupled with changes in the cognitive abilities required to live in increasingly complex social groups.
Comparisons on actual cognitive tests of species that live in social systems of differing social complexity offer the strongest test of the social intelligence hypothesis because they provide a direct comparison of species' cognition in a specific domain (e.g., Bond et al. 2003; MacLean et al. 2008) . However, such studies have rarely been conducted with large taxonomic samples; more typically, pairs of closely related species are compared, often with different tests used for different pairs of species. Each study therefore provides a single comparison (N = 1), and it is difficult to generalize results across species. Consequently, researchers have primarily tested the predictions of the social intelligence hypothesis with larger-scale comparative analyses in which an anatomical proxy for cognitive ability (e.g., relative brain size) is related to a social feature (e.g., Barton 1996; Lefebvre et al. 1997; Dunbar 1998a; Reader and Laland 2002; Isler and van Schaik 2009) .
Although analyses of anatomical proxies for cognition (e.g., brain size) allow researchers to analyze large comparative datasets, they rely on the assumption that cognition is a one-dimensional, general-purpose mechanism that varies only quantitatively (Healy and Rowe 2007) . Empirical evidence suggests that there is no one-to-one relationship between cognitive flexibility and brain size, while cognitive skills across different domains are not necessarily highly correlated with each other either within or across species (Hare et al. 2002; Emery and Clayton 2004; Herrmann et al. 2007 Herrmann et al. , 2010b MacLean et al. 2008; Liedtke et al. 2011 ; but see Deaner et al. 2006; Banerjee et al. 2009; Reader et al. 2011) . Thus, actual comparisons of problem-solving behavior are essential for testing hypotheses regarding cognitive evolution (Tomasello and Call 2008) . As described below, phylogenetic comparative methods provide an opportunity to quantitatively examine the relationship between a direct measure of cognition and one or more explanatory variables (e.g., socio-ecological, life history, or morphological traits).
A second important question for comparative psychologists is how strongly phylogeny predicts cognitive variation Anim Cogn (2012) 15:223-238 225 across species. For example, do apes possess derived cognitive abilities not found in other primates? Progress on this question has been made through several meta-analyses and major literature reviews, sometimes with conflicting conclusions. In their comprehensive review, for example, Tomasello and Call (1997) suggested there were no fundamental differences between the cognition of monkeys and apes. Meanwhile, based on a review of much of the same literature but focusing on nonsocial skills, Deaner et al. (2006) argued that apes consistently outperform monkeys on most cognitive measures. Although these reviews synthesized tremendous amounts of research and suggested important hypotheses to test, they relied on indirect comparisons simply because few studies existed that directly compared monkey and ape species on the same tasks (e.g., Amici et al. 2010 ). In the following section, we introduce the latest phylogenetic methods that will allow researchers to quantitatively assess the degree to which closely related species share similar trait values. A third question that comparative psychologists address concerns the ancestral state for cognitive abilities. Consider the case of mirror self-recognition (Gallup 1970) . Because great apes tend to show self-directed behavior in response to their image in a mirror, but monkeys do not, the prevailing view is that this form of visual self-recognition evolved in primates after the divergence of the ape and Old World monkey lineages. Although this example may indicate a qualitative cognitive transition between two clades, the majority of cognitive traits likely evolve along more subtle dimensions and will not cleanly map onto major lineages of a phylogeny. For example, a variety of species have been tested on their understanding of object permanence (Piaget 1954) , with considerable diversity in performance across taxa that does not map cleanly onto any major phylogenetic grouping (Tomasello and Call 1997; Shettleworth 2010) . A phylogenetic comparative approach allows for analysis of this interspecific variation and can be used to make inferences about the likely traits of extinct species. It can also be used to pinpoint when (in time) and where (in phylogeny) important cognitive changes have occurred. For example, did the last common ancestor of all living primates have stage 5 object permanence? What evolutionary transitions were important for the evolution of these skills? New phylogenetic methods can address these questions and place statistical confidence intervals on the resulting evolutionary estimates.
Phylogenetic comparative methods
Thanks to the advances comparative psychologists have made in describing the psychology of animals, the field is now in a position to address a range of evolutionary questions including (1) to what degree phylogeny predicts the cognitive abilities of different taxa, (2) whether particular cognitive abilities are correlated with anatomical, ecological, or social factors, (3) what the ancestral state for a given cognitive ability may be, and (4) which species provide the strongest test of an evolutionary hypothesis. Here, we explain the phylogenetic comparative methods ( Fig. 1 ) that will be critical to answering these questions. To help illustrate the utility of these methods, we conducted example analyses on a dataset of 12 primate species tested in a cognitive task measuring inhibitory control (Amici et al. 2008; MacLean et al. unpublished data) . We conducted the following example analyses using the R programming language (R Development Core Team 2011) implementing the ape (Paradis et al. 2004 ) and geiger (Harmon et al. 2009 ) packages. Additional resources for learning about phylogenetic methods are listed in Table 1 .
Inhibitory control-the ability to resist a prepotent behavioral response-is central to solving many problems (Diamond 1990; Hauser 1999 ) and has been linked to social competence, criminal behavior, health, and economic status in humans (Mischel et al. 1989; Moffitt et al. 2011 ). In our example task, we assessed the ability of 12 primate species to Fig. 1 An overview of some evolutionary questions relevant to comparative psychology and the phylogenetic comparative methods designed to address them. The shaded circles in the top panel depict species similarity along a continuous quantitative dimension (e.g., percent correct responses in the example inhibitory control task). The leaf and fruit icons in the second panel represent different dietary strategies that could be tested for their association with performance on a cognitive task. The third panel shows the root node on a phylogeny, representing an extinct species for which the ancestral cognitive ability could be predicted using data from extant species along the tips of the phylogeny. The fourth panel illustrates a scenario in which there are only cognitive data for two species in the phylogeny. Phylogenetic targeting facilitates the strategic choice of which additional species are most interesting to test in order to evaluate an evolutionary hypothesis inhibit a prepotent motor response in favor of a detour. As a subject watched, food was placed behind a transparent barrier. To successfully retrieve the food, subjects needed to resist reaching directly for the food (i.e., bumping into the transparent barrier) and instead perform a detour around the barrier. A correct choice was scored when a subject's first response was to reach around the transparent barrier to retrieve the food. Figure 2 shows the mean percent of correct choices made by each species, and this score was used as the dependent measure in each of the analyses below. The procedure used with lemurs differed from that used with monkeys and apes so data from the two tasks are combined here strictly for illustrative purposes.
Using phylogenies
To test evolutionary hypotheses, researchers must first obtain information about the evolutionary relationships of the species they are studying. Today, it is easier than ever to acquire existing phylogenies, and digital versions of phylogenetic trees can be downloaded via a number of user-friendly sites (e.g., http://www.10ktrees.fas.harvard.edu, . For a review of phylogeny construction, see (Felsenstein 2004) . Phylogenetic trees can be used to investigate a wide array of questions in biology and have become essential for modern biological research. Therefore, obtaining a phylogeny for a comparative sample is commonly the first step in testing evolutionary hypotheses. Many comparative phylogenetic statistical methods require that branch lengths reflect the amount of time since lineages diverged and that is true in the phylogeny for species in our dataset ( Fig. 2 ; consensus tree downloaded from http:// www.10ktrees.fas.harvard.edu). In cases for which the phylogeny is uncertain, analyses can be conducted across tree blocks to explore how differences in branch lengths or tree topology (the hierarchical arrangement of the species) affect results. See Huelsenbeck et al. (2000) and Pagel and Lutzoni (2002) for further discussion of comparative analyses in the context of phylogenetic uncertainty.
Phylogenetic signal
Because closely related species share much of their evolutionary history, we typically expect that they resemble one another morphologically (e.g., body mass) more so than distantly related species (Harvey and Pagel 1991) . This resemblance due to shared evolutionary history is termed phylogenetic signal. Many behavioral phenotypes also exhibit phylogenetic signal (Freckleton et al. 2002; Blomberg et al. 2003; Thierry et al. 2008) , and the same principle is likely true for cognition. The strength of this association with phylogeny can be informative. For example, a lower amount of phylogenetic signal may reflect high levels of individual differences within a species, substantial error in measurement of the trait, or suggest that independent variables (e.g., social/ecological) have influenced the evolution of the trait relatively independently from phylogeny (Blomberg et al. 2003; Harvey and Pagel (1991) Phylogenies and the comparative method in animal behavior Martins (1996) Inferring phylogenies Felsenstein (2004) The comparative approach in evolutionary anthropology and biology
Nunn (2011) Articles Phylogenies and the comparative method Felsenstein (1985) Inferring the historical patterns of biological evolution Pagel (1999) Comparative methods for studying primate adaptation and allometry Nunn and Barton (2001) Phylogenetic analysis and comparative data: a test and review of evidence . Similarly, phylogenetic signal may be low for traits that are highly conserved among all taxa in a phylogeny (e.g., vertebrate body plans). For example, in an analysis of 119 traits, Blomberg et al. (2003) showed that anatomical traits (e.g., body mass) tended to exhibit more phylogenetic signal than behavioral traits (e.g., daily path length), corroborating the long-held notion that behavior is more evolutionarily labile than morphology (i.e., ''behavioral drive '', Mayr 1963) . In analyses of comparative data, weak phylogenetic signal may indicate that strict phylogenetic statistical approaches are not needed (Abouheif 1999) or may not be particularly informative (e.g., when reconstructing ancestral states on the tree). Therefore, determining the strength of phylogenetic signal in a given dataset facilitates the use of appropriate statistics and guides decisions regarding how to interpret statistical results. Recent methodological advances provide a way to assess phylogenetic signal with quantitative metrics, and even to scale the branches of a phylogenetic tree to reflect the strength of phylogenetic signal (Freckleton et al. 2002; Blomberg et al. 2003) .
Before discussing how to measure and incorporate phylogenetic signal, it is important to define several key terms and ideas relevant to phylogenies. Phylogenetic trees consist of branching patterns typically emanating from a root (the common ancestor to all species in the tree) leading to the tips, which represent the extant species (and terminal branches for any extinct species that are included in the phylogeny). The internal branches of the tree represent the time that species have shared evolutionary history, while the branches leading to the tips reflect the time that each lineage has been evolving independently of other species in the phylogeny. For a review of how to read and interpret phylogenies, see Baum et al. (2005) and Baum (2008) .
One measure of phylogenetic signal is the parameter k, ''lambda'' (for other measures, see Blomberg et al. 2003) . Lambda scales the internal branches of a phylogeny to maximize the likelihood of the observed trait distribution under a Brownian motion model of trait evolution (Pagel 1999; Freckleton et al. 2002) . Brownian motion emulates a random walk of the trait along the different branches of the phylogeny, with the expected variance accumulating proportionally to evolutionary time. In this model, the amount of similarity between two species is directly related to the length of their shared evolutionary history. The parameter k is a multiplier of the internal branches that ranges between 0 and 1. By incorporating k, the phylogeny can be rescaled to reflect the amount of phylogenetic signal in the data. An important concept here is that the rescaled phylogeny is not a new estimate of species divergence times, but rather an estimate of how closely covariance in the dependent measure matches the expected covariance based on species' relatedness. Thus, when k = 0, all internal branches are rescaled to zero, which indicates that the trait distribution shows no association with phylogeny (i.e., a star phylogeny; all the branches emanate from a single node). When k = 1, branch lengths reflect the actual divergence dates for each lineage, indicating that variance in the trait has accumulated over time as predicted by Brownian motion. For many traits, k falls between zero and one (or slightly greater than one). Estimates of k that are significantly greater than zero provide evidence for phylogenetic signal in the data. The parameter k can estimate phylogenetic signal in the raw data (e.g., species values for a trait) or alternatively in the residual variance from a phylogenetic regression (Revell 2010) . In the latter case, k estimates whether the deviations from the predicted values in a phylogenetic regression are correlated with species' expected covariance due to shared evolutionary history. Fig. 2 A phylogeny of the 12 primate species comprising the example dataset. As a subject watched, food was placed behind a transparent barrier. To successfully retrieve the food, subjects needed to resist reaching directly for the food (i.e., bumping into the transparent barrier) and instead perform a detour around the barrier. Mean percent correct responses (because the total number of trials varied between species) are shown for each species. Data were pooled from similar tasks used by Amici et al. (2008) and MacLean et al. (unpublished data) and are analyzed here for illustrative purposes only
To illustrate a phylogeny transformed at various values of k, we rescaled the phylogeny of species in our dataset to reflect k = 0, k = 0.5, and k = 1 (Fig. 3) .
In our example dataset, the maximum likelihood estimate of k for the cognitive data was near to 0, indicating that more closely related species do not have more similar trait values. However, the example dataset, which is relatively large by comparative psychology standards, is a small sample by comparative biology standards. Consequently, we cannot rule out the possibility that low statistical power is responsible for the lack of phylogenetic signal observed. Indeed, many methods to detect phylogenetic signal perform poorly with datasets of less than 20 species (Freckleton et al. 2002) . One way to test whether the maximum likelihood estimate of k produces an improved model for the data is to use a likelihood ratio test to assess whether this estimate is significantly better than a model in which k is fixed to 0 (no phylogenetic signal) or 1 (covariance between species is directly proportional to shared evolutionary history). These tests reveal that the maximum likelihood estimate for k does not provide a better fit to the cognitive data than a model in which k is fixed to 0 (likelihood ratio = *0, P = 1.0) or 1 (likelihood ratio = 2.85, P = 0.09). This finding highlights the importance of generating large comparative cognitive databases in order to test whether particular cognitive traits exhibit phylogenetic signal (i.e., with a larger sample, we would have more confidence in the lack of phylogenetic signal in our example analysis).
Correlated evolution
A common way to investigate adaptive hypotheses involves testing whether two or more traits covary across species. If two traits are functionally linked (e.g., food storing behavior and spatial memory ; Shettleworth 1990) and one trait changes (e.g., increased dependence on stored food), we expect selection for changes in the relevant cognitive trait (e.g., increases in spatial memory-Clayton and Krebs 1994; Shettleworth 1995; Balda and Kamil 2006; Pravosudov and Smulders 2010) . Tests for correlated evolution allow us to assess whether these associations Fig. 3 Rescaled phylogenetic trees transformed at a k = 0, b k = 0.5, and c k = 1. When k = 0, all internal branches are rescaled to zero, which indicates that the trait distribution among the species shows no association with phylogeny (i.e., a star phylogeny; all the branches emanate from a single node, modeling all species as equally related to one another). When k = 1, branch lengths reflect the actual divergence dates for each lineage, indicating that variance in the trait has accumulated over time exactly as predicted by Brownian motion. For many traits, k falls between zero and one Anim Cogn (2012) 15:223-238 229 exist while controlling for the sharing of traits through common descent. An assumption of standard correlation and regression analyses is that data points (e.g., each species) are statistically independent of one another. However, because species values in comparative studies may be similar due to descent from a common ancestor, this assumption is commonly violated, and it is this nonindependence that results in phylogenetic signal. With a phylogeny, it becomes possible to examine correlated evolutionary change directly along the branches of the tree, for example with the method of independent contrasts (Felsenstein 1985; Garland et al. 1992; Nunn and Barton 2001) . Alternatively, one can use the phylogeny to statistically control for nonindependence in the underlying data, for example by using phylogenetic generalized least squares (PGLS ; Grafen 1989; Pagel 1999) .
To illustrate this approach, we tested whether increases in relative brain size (using data from Isler et al. 2008) were associated with increases in performance on the inhibitory control task in our example dataset. We constructed a PGLS model, which is essentially a regression model of the following form: Inhibitory Control Scores = b 1 * Body Size ? b 2 * Brain Size ? e. Importantly, the error term (e) accounts for the co-distribution of the residual variation in inhibitory control scores that we would expect based on the phylogenetic relationships of the species. The aim is to estimate b 1 and b 2 and assess their statistical significance. By also estimating k, we quantitatively assess the degree of phylogenetic signal and take that into account in the statistical model (i.e., we scale the original phylogeny represented by e by replacing the last term in the equation above with k*e).
Our PGLS example analysis shows a trend toward species with relatively larger brains having greater inhibitory control (b 2 = 66.93, P = 0.06), indicating a possible functional link between these traits. In this case, we allowed k to be estimated at its maximum likelihood value, which was 1.02 and therefore indicates that related species show similar deviations in inhibitory control relative to the expected value based on relative brain size (i.e., k estimate is for the residuals of the model). To examine how including phylogeny in the analysis affects results, we conducted the same analysis with k fixed to 0. This analysis produced a much weaker association between brain size and inhibitory control (b 2 = 19.4, P = 0.49).
This difference in outcomes reflects an often underappreciated aspect of phylogenetically informed research: analyses incorporating phylogenetic information increase statistical power to detect real relationships, while reducing the probability of erroneously inferring significance when no association exists (Garland et al. 1992; Rohlf 2006) . The take-home message is that by meeting the assumptions of the underlying statistical methods, phylogenetic approaches provide superior statistical performance in terms of reducing both false positives (type I error rates) and false negatives (i.e., increasing statistical power).
Thus, the use of phylogenetic analysis truly is a win-win proposition. We therefore anticipate that analyses of correlated trait evolution will allow comparative psychologists to expand on the paired-species comparisons that provide a first step, but not the most powerful test of hypotheses about cognitive evolution. For example, by applying this technique across a large range of species, we will be able to address whether reliance on stored foods is robustly associated with enhanced spatial memory, as suggested by paired comparisons of several bird species (Shettleworth 1995) .
Reconstructing ancestral states
Because cognitive performance does not fossilize, one cannot directly measure the cognitive traits of extinct species; however, new phylogenetic methods allow researchers to reconstruct values at the ancestral nodes in a phylogeny and to place statistical measures of confidence on these reconstructions (Schluter et al. 1997; Garland et al. 1999; Pagel et al. 2004) . These reconstructions can then be considered in relation to fossilized proxies for cognition (e.g., endocast features, artifacts, or ancient DNA). As an example of character reconstruction with confidence intervals, we used maximum likelihood techniques to estimate how an extinct species at the root node of our phylogeny (Fig. 2) would have performed on the example inhibitory control task. We generated the ancestral reconstruction for performance on our example inhibitory control task that maximizes the probability of the observed data under a Brownian motion model of evolution. The reconstructed score at the root node of the phylogeny is 57% correct on the cognitive task with a 95% confidence interval from 28 to 86% correct. With this estimate of the ancestral state, we can now consider why some species have strongly diverged from this ancestral state-such as Macaca fascicularis, Pongo pygmaeus, and Pan troglodytes-whereas others have not. Essentially, the ancestral state gives us a baseline by which to judge how divergent any extant species is from an ancestral state when further testing evolutionary hypotheses.
From our ancestral state analysis, we also obtain an estimate of how confident we should be about the trait reconstruction at any node where it has been estimated. When confidence intervals are relatively narrow compared to the variation observed in the species sampled, this suggests that certainty in an ancestral reconstruction is warranted. For example, the reconstructed value for the last common ancestor of chimpanzees and bonobos is 88% with a confidence interval of 83-94%, while the reconstructed value for the last common ancestor of lemurs is 55% with a confidence interval of 36-74%. Thus, it is likely that the last common ancestor of apes would have performed better on this task than the ancestor of lemurs (keep in mind, however, that results from different procedures were pooled for this analysis). Because the confidence interval at the root node in our example encompasses most of the variation in extant species, it warns against drawing strong conclusions about the species at the root of the phylogeny. Even with such wide confidence intervals, however, we can investigate whether particular species, such as humans, fall inside or outside confidence intervals placed on values found across great apes, or primates as a whole (Nunn 2011) . Thus, the ability to assess confidence in such reconstructions is an important advantage of model-based reconstruction methods, such as maximum likelihood, over methods like parsimony which simply generate a point estimate (Losos 1999) . Lastly, although our example analysis uses a continuous dependent measure, ancestral state reconstructions can also be conducted with discrete data (Pagel and Meade 2006) .
Phylogenetic targeting
A comparative approach to cognition requires that we build large datasets across a diverse range of species. Given finite resources and time, it is prohibitive to collect data on all possible species in a large group of organisms, such as primates. Instead, we can obtain greater value for our time and effort by collecting data on fewer species that provide stronger tests of a particular hypothesis and better control of confounding variables and alternative hypotheses. As a general rule, closely related species tend to provide a statistically powerful comparison, because on average, they introduce the fewest confounding variables. However, it is possible to be more systematic when choosing species for comparisons using methods such as ''phylogenetic targeting'' , which can be implemented via a user-friendly web page (http://www.phylotargeting. fas.harvard.edu/). Because phylogenetic targeting accounts for phylogeny and potential confounding variables, it offers a powerful and principled statistical approach for building the comprehensive databases needed to test cognitive evolutionary hypotheses.
Here, we provide an example of phylogenetic targeting using the example from above, in which we detected a trend (P = 0.06) for species with relatively larger brains to exhibit better performance on the cognitive test of inhibitory control (incorporating variation in body mass and phylogeny). To more convincingly test whether the trend we observed hints at a meaningful relationship between relative brain size and inhibitory control, we could increase our statistical power by expanding the data on inhibitory control (plentiful data are already available on brain size). One way to increase the statistical power is to strategically choose a few additional data points (i.e., species) that maximize variation in the independent variable.
To determine which species would provide the strongest test of the evolutionary relationship between inhibitory control and relative brain size, we used phylogenetic targeting to identify eight paired comparisons that would maximize contrasts in brain size (measured as residual endocranial volume, or ECV) while maintaining phylogenetic (and thus statistical) independence. Importantly, we restricted the targeting process along two parameters, which are easy to implement in the program: (1) among potential species to be tested, we included only species for which future cognitive data were potentially obtainable because those species were available for study in an accessible setting and (2) we required that data had already been collected for one of the species in each pair, thus reducing the amount of data required to generate paired comparisons. By expanding or narrowing the focus of the targeting process in this manner, pairs of species were identified that provide the strongest statistical comparisons and incorporate real-world limitations, such as species availability, whether two species can validly be compared on the same task, and the testing time needed for each comparison (see Table 2 ).
The pairings in Table 2 highlight several important issues. First, although closely related species typically provide good comparisons, much stronger statistical comparisons can be determined using the phylogenetic targeting process. For example, imagine that a researcher had recently collected data from Cebus apella, a capuchin monkey, on the example inhibitory control task. One closely related species readily available for study (and comparison) is Saimiri sciureus, the common squirrel monkey. Although Cebus apella and Saimiri sciureus are closely related and both accessible for cognitive research, they offer little contrast in relative brain size and consequently little power to test the hypothesis that large relative brain size is associated with better performance on the inhibitory control task. The weakness of this contrast is reflected in the summed score for this pairing (0.18). In contrast, phylogenetic targeting indicates that Callithrix jacchusanother species readily available for study-offers a far superior contrast in brain size as reflected by the much higher summed score (0.43). If the researcher wants to add a single New World primate for comparison to Cebus apella, then Callithrix jacchus provides more statistical power than Saimiri sciureus.
Second, the pairings shown in Table 2 reveal that there are other important factors that a comparative psychologist may wish to consider before accepting the comparisons suggested by the targeting process. For example, the initial suggested comparisons include the odd pairing of the nocturnal, solitary aye-aye (Daubentonia madagascariensis), with the diurnal, fission-fusion spider monkey (Ateles geoffroyi). Should these species be directly compared using the same task? If the researcher concludes not, the targeting process could be performed again with additional inclusion criteria to generate the pairs. For example, pairs could be restricted to species with the same activity pattern (i.e., diurnal or nocturnal) to avoid pairing species that likely differ greatly in their visual acuity (particular pairs can also be eliminated manually). Because phylogenetic targeting allows users to focus on the variable of interest, while simultaneously controlling for other potential confounds or testing constraints, it confers flexibility and statistical power for designing comparative tests.
Research methods
The phylogenetic methods reviewed above will allow comparative psychologists to quantitatively probe many exciting questions regarding the evolution of cognition. While phylogenetic comparative methods have been applied to the study of brain evolution (e.g., Barton 1998; Dunbar 1998b; Deaner et al. 2000 Deaner et al. , 2007 Lindenfors et al. 2007; Isler and van Schaik 2009) , with few exceptions (e.g., Amici et al. 2008; Shultz and Dunbar 2010) , they have yet to be applied to systematic investigations of cognitive variation between species as measured through behavioral assays. To increase our ability to use phylogenetic methods to study cognition, we will need to generate large datasets representing diverse species, which requires the coordination of multiple research groups that have access to these species. We will also need to consider how to assess cognition as a trait, representative of a species ability to solve a particular problem. In this section, we outline several practices that will facilitate success.
Cognition as a trait
Many phylogenetic comparative methods address patterns of trait evolution, or the relationship between a set of traits. Thus, one major challenge is for comparative psychologists to develop dependent measures that can meaningfully be interpreted as traits. In some rare cases, it is possible that performance on a single task may meet this criterion. However, in many cases, it is domains of cognition rather than performance on single tasks that is most interesting for comparative analysis (e.g., Herrmann et al. 2007) . One potential solution to this challenge is the use of composite measures, derived from multiple tasks designed to measure cognitive abilities in a given domain. For example, Amici et al. (2008) compared seven primate species on five different tasks that assess inhibitory control. Species were ranked within each task, and these ranks were averaged across tasks to approximate relative capacities for inhibitory control.
Collaboration
The majority of comparative psychologists study only one or a few species (e.g., due to the cost of establishing and maintaining a conventional laboratory population). In the Table 2 The output of the targeting process displays the ''maximal pairings'', trait differences for each pair (e.g., log ECV brain residuals), and the score for each pairing New species to be studied Already-studied species Log ECV difference Score The score is a measure of each pair's strength to test the target hypothesis based on phylogenetic relatedness and ECV variation. The species pairings are listed in order of decreasing strength to test the target hypothesis, providing a guide for which ''new species'' should be the highest priorities for future testing. The targeting process also allows researchers to customize species pairings using simple user-defined variables. The pairings in this table were generated using the criteria (1) there were extant data on one species in the pair and (2) that the ''new species'' to be studied was available for cognitive testing. When targeting species for cognitive studies, one can generate additional criteria to assure that each pair provides a good comparison using the same behavioral task. For example, a user could require that both species exhibit the same activity pattern (diurnal/nocturnal), which would avoid the pairing of species such as the aye-aye (Daubentonia) and spider monkey (Ateles)
ECV endocranial volume context of comparative research, this means that the coordination of multiple research groups is required to compile data across a large number of species. At present, there have been few attempts at this level of collaboration, and more typically, one group's published methods are adopted and modified by other groups for future studies. While this process promotes the iterative refinement of experimental procedures, with each study building on the former's methods, it prevents broad coordinated comparison because testing methods end up differing among research groups. We believe that one promising mechanism to generate these datasets is through the effort of collaborative working groups, such as those sponsored by the National Evolutionary Synthesis Center (NESCent). In these collaborations, participating research groups first agree on methods appropriate for the range of species to be tested (via discussion, piloting, and sharing videos of pilot trials) and subsequently collect data (simultaneously) to make rapid progress on the designated research question.
The results of these studies can then be shared and analyzed using the phylogenetic methods outlined above. Sharing can be facilitated by use of wiki pages and other forms of online communication.
One major advantage of these collaborative papers is that the raw data for many species can be presented, analyzed, and discussed comparatively and comprehensively in a single article. This process helps us escape the disadvantages of only publishing (or not publishing!) data from species separately, in different journals, where the comparative significance of such work is often lost. For example, convincing null results (i.e., a species fails to solve a problem that is related to problems it is successful with and is motivated to solve) frequently remain unpublished and are often considered uninteresting or difficult to interpret when considered in isolation. However, the same results provide valuable information about inter-specific cognitive variation when considered in parallel with data from other species that performed better on the same task. Collaborative working groups can assure that all such results are published together and presented in a way most fruitful for comparative analysis. Although this level of collaboration is currently unusual for comparative psychologists, we should find inspiration in other large-scale collaborations that have required unprecedented cooperation from independent contributors including GenBank (Benson et al. 2010) , the Human Genome Diversity Project (Cann et al. 2002) , the Large Hadron Collider (Atlas Collaboration 2010), and cross-cultural studies of economic behavior (Henrich et al. 2005 ).
Methods
Because time and access to animals are limiting resources in comparative psychology, these collaborative endeavors should not impose undue burdens on participating research groups. For this reason, we suspect that the first generation of broad comparative studies will be most successful if they employ testing procedures that (1) minimize or eliminate the need for training, (2) require few trials/sessions per subject, and (3) are easily implemented with few methodological modifications across species (e.g., Tomasello et al. 1998; Amici et al. 2009; Sandel et al. 2011) . By developing methods that meet these criteria, researchers can contribute to working groups in a manner that is minimally disruptive to each participating group's primary research focus. Once a variety of such methods are available, they can potentially be deployed as a larger battery (e.g., Herrmann et al. 2007 Herrmann et al. , 2010a to examine how different cognitive skills evolve relative to one another across species.
A second methodological concern in comparative studies is how to adapt each cognitive task for use with diverse species. Undoubtedly, there is no single method that can be applied without bias across taxa (Bitterman 1975; Savage and Snowdon 1989) . Therefore, comparative psychologists will need to focus on standardizing the essential components of each task while allowing for variation in other parameters required for a valid comparison between species. For example, it will be important to establish consistent warm-up criteria for entry into the test to assure that all subjects are motivated and possess a basic understanding of the test's core features (e.g., searching for food in one of multiple possible hiding locations). However, other features of the task such as the apparatus size (for species of different body sizes) or the test response (for species that respond using different appendages, such as trunks, hands, beaks, or noses) will necessarily vary between species.
Once an appropriate task is identified, the task may prove so easy (or difficult) for some species that large amounts of meaningful variation may be masked by the method's bluntness. In other words, variation in the underlying cognitive abilities may be obscured due to ceiling or floor effects in certain species (Shettleworth 2010) . This problem can be overcome by using a doubletiered approach that adjusts the difficulty of testing based on the performance of different clades on an initial comparison. For example, imagine that a range of primates participated in a gaze following task that simply measured whether subjects co-oriented with an individual that oriented her head to look upward. Suppose that all apes tested in this procedure followed gaze at similarly high rates, but no prosimian species ever co-oriented. Although this initial result reveals only large-scale differences among distantly related taxa (e.g., all apes, but no prosimians, follow gaze), we could re-test all the species with a second measure(s) that would be tailored to reveal variation within each clade. For example, apes could be compared to one another in a more difficult task measuring sensitivity to Anim Cogn (2012) 15:223-238 233 subtle eye movements, while prosimians could be compared to one another in a simpler task measuring only if subjects recognize whether they are being watched (for a review of species diversity in gaze sensitivity, see Rosati and Hare 2009; Fitch et al. 2010) . Although these secondary measures would be different for apes and prosimians, the results could still be analyzed comprehensively using phylogenetic techniques. For example, this secondary measure can test hypotheses regarding correlated evolution that rely on variation between pairs of close genetic relatives as opposed to comparisons across all the species. Is it that within each clade, species living in larger social groups exhibit enhanced sensitivity to signals of others' visual attention? A second source of inevitable variation will be differences in ''contextual variables'' between species and testing sites. For example, species will differ in their food motivation, perceptual mechanisms, attention, experimental experience, and housing conditions, all of which may affect behavioral results (Macphail 1987) . Several crosslaboratory studies of inbred mouse behavior have produced significantly different results across laboratories despite rigorous standardization of the husbandry conditions, apparatus, and testing protocols (Crabbe et al. 1999; Lewejohann et al. 2006; Richter et al. 2011) . Therefore, at least in the case of rodents, subtle differences between laboratories may lead to results with low external validity. However, many other studies of animal cognition have produced highly similar results in different populations (e.g., mirror self-recognition-reviewed in Povinelli et al. 1993 ; point following in dogs-reviewed in Miklosi and Soproni 2006 ; perspective taking in chimpanzeesreviewed in Hare 2011); and species differences have been replicated across multiple paradigms and populations (e.g., spatial cognition in birds-Shettleworth 1995; risk preferences in apes- Heilbronner et al. 2008; Rosati and Hare 2011) . Therefore, one method to assess the role of contextual variables will be to include multiple populations of a single species (when possible). The magnitude of intraspecific-population differences can then be compared to that of any interspecific differences. If intraspecific variation is large relative to interspecific variation, species differences should be interpreted with great caution. Similarly, replication with the same subjects can address whether the patterns observed are repeatable across time.
Species and study sites
At present, we have identified many exciting evolutionary hypotheses from comparisons of small sets of species. However, our ability to rigorously test these hypotheses will rely on comparative work at a much larger scale. For example, researchers have now identified links between feeding ecology and performance on memory tests (Balda and Kamil 1989; Shettleworth 1990; Clayton and Krebs 1994; Jacobs and Spencer 1994; Macdonald 1997) , social dominance hierarchies and transitive reasoning (Bond et al. 2003 (Bond et al. , 2010 Paz-y-Miño et al. 2004; Grosenick et al. 2007; MacLean et al. 2008 ), domestication's effect on cognition (Hare et al. 2002 (Hare et al. , 2005 Kaminski et al. 2005; Lewejohann et al. 2010; Proops et al. 2010) , fission-fusion dynamics and inhibitory control (Amici et al. 2008 (Amici et al. , 2009 Aureli et al. 2008) , and social relationships and cooperative problem-solving Drea and Carter 2009) . In order to determine whether these associations reflect robust evolutionary relationships, we will need to explore these questions from a phylogenetic comparative approach. Fortunately, with the aid of new techniques such as phylogenetic targeting, comparative psychologists can test these hypotheses with a ''top-down'' a priori approach to data collection by selecting species that provide the greatest power for comparative analysis.
Of course, many of the most interesting species to study may fall outside the conventional taxonomic focus of comparative psychology. Developing creative ways to study these species will be one of the exciting challenges, and facilitating collaboration between researchers, zoos, and animal sanctuaries will be a fruitful way to access species normally unavailable to study (e.g., Wright 1972; Macdonald 1997; Burke et al. 2002; Plotnik et al. 2006; Albiach-Serrano et al. 2007; Fredman and Whiten 2008; Manrod et al. 2008; Waisman and Jacobs 2008; Proops et al. 2009; Jaakkola et al. 2010; Kuba et al. 2010; Muller 2010; Woods and Hare 2010; Wobber and Hare 2011) . To do so, comparative psychologists will need to expand beyond the ''model'' species approach (Rosati and Hare 2009 ) to gain access to nonconventional test species that are of the greatest theoretical interest.
Summary
Having made progress toward revealing the development and causal mechanisms of problem-solving skills in animals, we are now in a position to quantitatively examine Tinbergen's other two questions for biological analysis: the phylogenetic distribution and function of cognitive traits. By adding phylogenetic techniques to our tool kit, comparative psychologists can build on past success by incorporating tests of correlated trait evolution, phylogenetic signal, and ancestral state reconstruction into our research. Further, we can use methods such as phylogenetic targeting when deciding which species to study. Taken together, the use of phylogenetic techniques and the development of large-scale collaborations to compare dozens of species across multiple research groups, institutions, and countries will revolutionize evolutionary studies of cognition. In doing so, we stand to gain an understanding of how cognition evolves in nonhumans, as well as a better understanding of the evolutionary processes that gave rise to the human mind.
